Background: High tibial osteotomy is a surgical procedure to treat medial compartment osteoarthritis in varus knees. The reported success rates of the procedure are inconsistent, which may be due to sagittal plane alignment of the osteotomy. The objective of this study was to determine the effect of changing tibial slope, for a range of tibial wedge angles in high tibial osteotomy, on knee joint contact pressure location and kinematics during continuous loaded flexion/extension. Methods: Seven cadaveric knee specimens were cycled through flexion and extension in an Oxford knee-loading rig. The osteotomy on each specimen was adjusted to seven clinically relevant wedge and slope combinations. We used pressure sensors to determine the position of the centre of pressure in each compartment of the tibial plateau and infrared motion capture markers to determine tibiofemoral and patellofemoral kinematics. Findings: In early knee flexion, a 5°increase in tibial slope shifted the centre of pressure in the medial compartment anteriorly by 4.5 mm (P ≤ 0.001), (from the neutral slope/wedge position). Increasing the tibial slope also resulted in the tibia translating anteriorly (P ≤ 0.001). Interpretation: Changes to the tibial slope during high tibial osteotomy for all tested wedge angles shifted the centre of pressure in both the medial and lateral compartments substantially and altered knee kinematics. Tibial slope should be controlled during high tibial osteotomy to prevent unwanted changes in tibial plateau contact loads.
Introduction
Medial opening wedge high tibial osteotomy (HTO) is performed to treat medial compartment osteoarthritis in varus knees. The mechanical objective of HTO is to realign the knee in the coronal plane to decrease load in the diseased medial compartment and increase load through the healthier lateral compartment in an effort to reduce knee joint pain, delay progression of osteoarthritis, improve instability problems, or unload the medial compartment for resurfacing. HTO is an appealing surgical alternative to arthroplasty for many young, active patients (Akizuki et al., 2008) .
HTO is not a universally successful procedure -there is a broad range of reported survival rates for closing wedge and opening wedge HTO procedures. Closing wedge HTO procedures were widely-used for a number of decades, and have 10 year survival rates ranging from 51 to 98%, where survival is generally defined as not having a revisionSagittal plane alignment is generally not controlled as carefully as coronal plane alignment during opening wedge HTO (Agneskirchner et al., 2004) , and it is not clear how sagittal plane alignment affects knee mechanics. There is consensus in the literature that an ideal coronal plane correction shifts the mechanical axis (from the centre of the hip to the centre of the ankle) to cross at 60% to 70% of the width of the tibial plateau (where 0% is the medial border and 100% is the lateral border) (Briem et al., 2007; Dugdale et al., 1992; Fujisawa et al., 1979; Sgaglione et al., 2007) . In the sagittal plane, studies using post-operative x-rays have shown that opening wedge HTO changes tibial slope by a mean of 3.5° (Bombaci et al., 2005) , and that there is substantial variability in the tibial slope after the procedure, reported to be as much as ± 3.6° (Cullu et al., 2005; El-Azab et al., 2010; Hohmann et al., 2006; Marti et al., 2004) .
It is not clear what effect the changes in tibial slope caused by opening-wedge HTO have on tibiofemoral contact mechanics because the results of biomechanical studies are inconsistent (Agneskirchner et al., 2004; Giffin et al., 2004; Rodner et al., 2006) . One study of cadaver knees reported that an increase in tibial slope caused an anterior shift of contact pressure on the medial compartment of the tibial plateau (Agneskirchner et al., 2004) , while another cadaver study found that an increase in slope caused no shift in peak contact pressure for knees with intact ligaments (Rodner et al., 2006) . These inconsistencies highlight the importance of loading configurations and other testing parameters on the conclusions of biomechanical studies, as pointed out by both sets of authors in a subsequent discussion . It is unclear exactly which mechanical changes are associated with cartilage degeneration (Wilson et al., 2008) , so it is not clear how mechanical changes might be associated with survival or failure of HTO. However, there is evidence that changes in contact location and in relative velocity between the femoral and tibial cartilage at the joint surface are associated with degeneration (Anderst and Tashman, 2009; Andriacchi et al., 2004) , which have yet to be addressed by HTO studies.
The objective of this study was to determine the effect of changing tibial slope, for a range of tibial wedge angles in opening-wedge HTO, on knee joint contact pressure location, pressure distribution between the compartments, and kinematics during continuous loaded flexion/ extension.
Methods

Specimens
Eleven cadaver knee specimens (mid-femur to mid-tibia) were included in this study. The specimens had no history or evidence of knee surgery, and the anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) were intact in each specimen. The specimens were stored in a − 20°C freezer, and thawed for 48 h before testing. The joint was dissected to the level of the capsule, and the quadriceps tendon was kept intact. We reamed the intramedullary canals of the tibia and femur and cemented in threaded steel rods with polymethyl methacrylate cement. Three specimens ultimately fractured during testing (likely suffering osteopenia and not HTO candidates), and one specimen's results strongly suggested incomplete release of the superficial MCL based on consistency with a study examining the effect of releasing the MCL in HTO . These specimens were excluded from the analysis, leaving 7 specimens (all male, mean age 62 (SD 14)).
Loading rig
We flexed and extended each specimen under simulated vertical hip load resisted by simulated quadriceps force using an Oxford knee loading rig (Zavatsky, 1997) . The threaded rods in the intramedullary canals of the femur and tibia were connected to universal joints on the rig that simulated the hip and ankle joints. This system allowed 6°of freedom between the femur and the tibia (Fig. 1) . A load of 118 N was applied at the hip joint, corresponding to approximately 15% body weight (Walpole et al., 2012) . This was the maximum load that could be applied without damaging the specimen. A motor and pulley system secured to the threaded rod fixed in the femur flexed and extended the knee by shortening and lengthening a cable attached to the quadriceps tendon with a tendon clamp. The quadriceps tendon was aligned with the femoral axis by adjusting the location of the pulley winding the cable in the motor system. The line of action of the cable relative to the femur did not change with flexion. Each complete cycle of flexion and extension (about 10°to 90°of flexion) lasted approximately 70 s. We completed 3 sets of 3 continuous cycles of flexion-extension for each wedge-slope combination for each specimen.
Contact mechanics
Knee joint contact pressure, area and centre of pressure were measured using capacitive pressure sensors (Pliance, Novel GmbH, Munich, Germany) designed for the tibiofemoral joint. Each sensor has an 8 × 16 sensor element matrix, with a sensing area of 21.5 mm × 42 mm. Each sensor element has a pressure resolution of 10 kPa, which corresponds to a force resolution of 0.07 N. Pressure sensors were calibrated before experimentation using a sensor-specific calibration device that allowed each sensor element to be calibrated independently using a 15-point calibration from 100 kPa to 2400 kPa. Immediately before experimentation, pressure sensors were zeroed with no applied load. Sensors were inserted sub-meniscally in both the medial and lateral tibiofemoral compartments by creating small incisions for sensor insertion anterior to the joint line (Fig. 2) . The joint was manually distracted during sensor insertion to allow complete insertion of the sensors. The sensors were screwed in place at 4 points to prevent any motion relative to the tibial plateau. In 5 trials comparing the measured load to the applied load, we found a maximum absolute error for the sensors on a simulated tibial plateau of 11.9% for an applied load of 22 N and 1.4% for an applied load of 90 N. We determined the resultant force on each compartment by adding the force on each sensing element (determined from the pressure on the sensing element and its area) in that compartment. We then calculated the proportion of joint load in each compartment by dividing the resultant force in the compartment by the resultant force in both compartments.
We used a custom written program (MATLAB, MathWorks, Natick, USA) to calculate total force and centre of pressure in each tibiofemoral compartment for the full range of flexion-extension. We determined the proportion of force transmitted through the medial and lateral compartments and the location of the centre of pressure in each compartment. Contact pressure data were collected at 50 Hz, and downsampled to 1 Hz.
Kinematics
We measured tibiofemoral and patellofemoral joint kinematics by using an optical infrared motion capture system (Optotrak, Waterloo, Canada) to track motion sensors rigidly fixed to the femur, patella, proximal tibia (above osteotomy) and distal tibia (below osteotomy) using Steinman pins screwed into the bone. Landmarks on the tibia, patella and femur were digitized using the motion capture system's probing device to define coordinate systems in the tibia, patella and femur. Tibiofemoral kinematic parameters (flexion, internal rotation, abduction, medial translation, anterior translation and proximal translation) and patellofemoral kinematic parameters (flexion, tilt, spin, medial translation, anterior translation, and proximal translation) were calculated using a joint coordinate system convention (Cole et al., 1993) . Kinematic data were collected at 50 Hz, and downsampled to 1 Hz.
Surgical procedure
An orthopaedic surgeon performed a medial opening-wedge HTO on each specimen using a C-arm fluoroscope for guidance (Fig. 3) . The lateral cortex of the osteotomy was left intact. A bicortical external fixator (Sidekick Stealth Rearfoot Fixator, Wright Medical Technology, Memphis, USA) held the proximal and distal tibia segments securely in place during biomechanical testing, and allowed for incremental changes to be made to the wedge and slope. The tibial plateau remained intact so changes to slope were the same in the medial and lateral compartments. We tested a range of wedge and slope angles: wedge angles of 0°(closed osteotomy), 7.5°, and 15°, and slope angles of −5°( decreased tibial slope), 0°(no slope correction) and 5°(increased tibial slope). This resulted in the following wedge and slope combinations: 0°w edge with a 0°slope (neutral position), 7.5°wedge with a − 5°slope, 7.5°wedge with a 0°slope, 7.5°wedge with a + 5°slope, 15°wedge with a − 5°slope, 15°wedge with a 0°slope, and 15°wedge with a +5°s lope.
Statistics
We tested the null hypotheses that there is no difference in contact pressure parameters (anterior translation of medial compartment centre of pressure, lateral translation of medial compartment centre of pressure, anterior translation of lateral compartment centre of pressure, lateral translation of lateral compartment centre of pressure, and percent of total force in medial compartment), tibiofemoral kinematic parameters, and patellofemoral kinematic parameters between wedgeslope combinations over the range of tibiofemoral flexion tested using linear mixed models. The general model we used was: where y was the parameter being modelled in a particular condition, 'TF angle ' was the tibiofemoral flexion angle, 'i' was the individual subject, the wedge 'j' was (1) 0°wedge, (2) 7.5°wedge and (3) 15°wedge, and the slope 'k' was (1) 0°neutral slope, (2) − 5°slope change and (3) 5°slope change. We evaluated multiple models for each parameter that included some or all of the general model terms, and then determined the best model for each parameter as the one with the minimum Bayesian information criteria. The Bayesian information criterion is used to determine the quality of the fit, while also penalizing the model for additional terms. The quadratic terms (b 2 , b 5 , and b 8 ) and linear interaction terms (b 4 and b 7 ) were only included in models where they reduced the Bayesian information criterion. Clinical Biomechanics 51 (2018) 17-25 
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Results
A 5°increased tibial slope shifted the centre of pressure in the medial compartment anteriorly by 4.5 mm (P < 0.001) (from the neutral slope/wedge position) in early knee flexion. This anterior shift due to an increased tibial slope decreased with knee flexion, and at 80°o f flexion the differences in anterior displacement in the medial compartment were insignificant (Fig. 4 and Table 1) .
A 5°increase in tibial slope shifted the centre of pressure in the lateral compartment posteriorly by up to 0.6 mm (from the neutral slope/wedge position) in mid flexion (P < 0.001), and a 5°decrease in tibial slope shifted the centre of pressure anteriorly by 1.4 mm in mid flexion (P < 0.001) (Fig. 4 and Table 1) .
A 15°wedge decreased the proportion of load in the medial compartment from a mean of 49% (for a zero degree wedge) to a mean of 22% at 10°of flexion (Fig. 6 ) (P ≤ 0.001). The difference in proportion of load in the medial compartment between a 15°wedge and 0°w edge decreased with increasing flexion. A 7.5°wedge decreased the proportion of load in the medial compartment from a mean of 50% (for zero degree wedge) to a mean of 36% at 10°of flexion (P < 0.001). The difference in proportion of load in the medial compartment between a 7.5°wedge and 0°wedge decreased with increasing flexion (Fig. 4 and Table 1 ).
Increasing tibial slope internally rotated the tibia (P < 0.001) in mid and late flexion. Increased wedge angle decreased tibiofemoral internal rotation in mid to late flexion (P < 0.001) (Fig. 5 and Table 2 ). Increasing tibial slope translated the tibia anteriorly over the entire range of flexion, including a 9.7 mm anterior translation in early flexion (P < 0.001), while increasing the wedge translated the tibia posteriorly over the entire range of flexion, including 3.6 mm posterior translation in late flexion for a 7.5°wedge (P < 0.001) (Fig. 5 and Table 2 ).
Increased wedge angle increased patellofemoral internal spin over the entire range of flexion, including a 3.5°increase in internal spin at late flexion for a 7.5°wedge (P < 0.001) (Fig. 6) . Increased wedge angle increased patellofemoral medial tilt over the entire range of flexion (P < 0.001) (Fig. 6) . Decreasing slope decreased patellofemoral anterior translation over the entire range of flexion by a consistent 1.3 mm (P < 0.001).
Discussion
We measured contact pressures, centres of pressure and kinematics in cadaveric knee specimens before and after opening-wedge HTO to For the CoP plots, a higher value specifies a more anterior position. In the legend, the first number denotes the wedge angle and the second number denotes the slope angle. For example, 7.5w-5s represents a wedge angle of 7.5°and a change in tibial slope of − 5°.
Fig. 5. Tibiofemoral kinematic plots displaying (A) tibiofemoral internal rotation, and (B)
tibiofemoral anterior translation as a function of tibiofemoral flexion for all wedge-slope combinations, and for all specimens. In the legend, the first number denotes the wedge angle and the second number denotes the slope angle.
Table 2
Linear mixed model results tables detailing the tibiofemoral kinematic constant terms, β 0 , for each model and the difference in the constant terms, β 3 , between changes to wedge and slope at 10°, 45°and 80°of flexion. For example, the value for '7.5w compared to 0w' represents the change in the relevant parameter when the wedge changes from 0°to 7.5°.
Tibiofemoral kinematics Abduction (SE) (°) Internal rotation (SE) (°)
Proximal translation (SE) (mm) Clinical Biomechanics 51 (2018) 17-25 determine the effect of changing tibial slope for a range of wedge angles in opening-wedge HTO. A 5°increase in slope translated the centre of pressure in the lateral compartment posteriorly for mid flexion and translated the centre of pressure anteriorly in the medial compartment for early and middle stages of flexion. A 5°decrease in tibial slope translated the centre of pressure in the lateral compartment anteriorly in mid flexion and translated the centre of pressure in the medial compartment posteriorly in mid flexion. A 5°increase in tibial slope also produced significant changes to tibiofemoral internal rotation and tibiofemoral anterior translation. The anterior/posterior shift of the centre of pressure in each compartment resulting from slope and wedge changes with HTO surgery could contribute to abnormal cartilage stresses. It is widely accepted that cartilage is adapted regionally for the forces that it must transmit (Koo et al., 2011) , and therefore a substantial shift in where force is transmitted may overload cartilage that is not adapted to the mechanical environment. In the lateral compartment, the substantial change in the anterior/posterior position of the centre of pressure due to changes in wedge and slope may be large enough to cause abnormal stresses in the new location of the centre of pressure, which could speed up progression of osteoarthritis in this compartment, particularly since significantly higher forces are expected in the lateral compartment following the opening-wedge HTO.
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Our finding that both slope and wedge substantially altered location of the centre of pressure in the medial compartment is potentially critical in furthering our understanding of cartilage changes that occur in the medial compartment following an opening-wedge HTO since cartilage has been found to regenerate in the medial compartment following opening-wedge HTO in some cases, primarily when there is a larger wedge correction (Koshino et al., 2003) . Further investigation is needed to understand what changes in contact pressure location in the medial compartment could result in regeneration versus further degeneration of cartilage.
Our findings regarding significant differences in patellofemoral kinematics with changes to wedge are consistent with previous work showing an increase in medial patella tilt with an increase in wedge size, as well as decreasing medial tilt at higher flexion angles (Gaasbeek et al., 2007) . Although patellofemoral kinematics are not a primary focus of this procedure, it is important to be aware of potentially negative patellofemoral outcomes that result from altering the osteotomy. Abnormal patellofemoral joint kinematics have been related to patellofemoral pain (Draper et al., 2009) . Specifically, female subjects with less medial tilt in early flexion were found to be more likely to suffer from patellofemoral pain (Draper et al., 2009) . We saw an increase in medial tilt following an increase in HTO wedge angle, and the magnitude of the change in tilt we found was similar to the difference found previously between subjects with and without patellofemoral pain.
Our findings suggest that the effect of slope on anterior translation is also affected by the wedge angle, and that both angles should be considered when optimizing anterior translation. Our finding that increased tibial slope results in increased tibial anterior translation is consistent with previous studies (Agneskirchner et al., 2004; Dejour and Bonnin, 1994; Shelburne et al., 2011 ). An opening-wedge HTO which increased tibial slope led to increased tibial anterior translation in an in vivo kinematic study (d'Entremont et al., 2014) . To our knowledge our study is the first to assess the effect of wedge angle on anterior translation, and we found that increasing the wedge angle decreased anterior translation. An increase in tibial slope is known to increase stress on the ACL (Amis, 2012) , therefore understanding the effect that both wedge and slope have on anterior translation may be beneficial in mitigating large stresses on the ACL.
Our study describes the effect of tibial slope on anterior/posterior translation of contact in the tibiofemoral joint comprehensively and provides insight into why there is inconsistency in the literature. Our finding that increased tibial slope translated contact anteriorly in the medial compartment for most of the range of flexion is qualitatively consistent with a previous study's finding that increased tibial slope with an anterior opening wedge HTO increased pressure in the anterior half of the medial compartment (Agneskirchner et al., 2004) . These authors also reported anterior translation of the tibia with an increase in slope, which is consistent with our findings. However, they did not assess pressure distribution in the lateral compartment. Neither our findings, nor Agneskirchner's, are consistent with another study which found that increased tibial slope shifted the location of peak pressure on the entire tibial plateau posteriorly (although the shift was not statistically significant) (Rodner et al., 2006) . While we did observe posterior translation of the centre of pressure in the lateral compartment, this was only in later stages of flexion, which were not tested in Rodner's study. These inconsistencies between Rodner's study, Agneskirchner's study and our study are likely due to the very different loading methods used. While muscle loading was simulated in our current study and in Agneskirchner's, the flexion angle of the knee was fixed in Rodner's study and muscle load was not simulated. Since there is a considerable component of quadriceps force in the anterior/posterior direction through most of flexion, this would account for differences in anterior/ posterior position of the tibia and of contact.
One strength of our study is that the design allowed us to assess the effect of different slopes for a range of wedge angles. Our finding that changes in wedge angle significantly affected the impact of changes in slope angle on contact pressure and kinematics support the importance of this comprehensive assessment. This approach is in contrast with a study in which varying slopes were created indirectly through the positioning of the osteotomy plate, affecting the opening of the osteotomy (Rodner et al., 2006) . While this approach was clinically relevant, it did M.S. Black et al. Clinical Biomechanics 51 (2018) 17-25 not yield consistent differences in tibial slope. Our approach is also distinct from a study where only tibial slope was varied (wedge angle was held constant) by performing an anterior opening wedge osteotomy (Agneskirchner et al., 2004) . A further strength is that we used validated, capacitive pressure sensors designed for tibiofemoral pressure measurements, which have about one-quarter the measurement error of the Tekscan pressure sensors (Martinelli et al., 2006) used in previous studies of opening wedge HTO (Agneskirchner et al., 2004; Rodner et al., 2006) . One limitation of this study was that the cadaver specimens were not initially in varus malalignment, as would be the case in living patients undergoing HTO. This is because it is not reasonably possible to obtain a sufficient number of specimens in varus malalignment. We believe that our report of relative changes to wedge and slope on contact pressure and kinematics still provides value to understanding the effect of HTO. Another limitation is that we included only the extensor mechanism in our loading configuration, and we did not simulate the hamstrings tendons. Active hamstrings muscles would have led to more posterior translation of the tibia. While this did not fully represent physiological loading, it was necessary to simplify the loading to the primary muscle group in the testing situation due to the indeterminacy that would be introduced by including other muscle groups. Another limitation is that we could not simulate the effects of slope only (ie a configuration with 0°wedge and ± 5°slope) because of the restrictions imposed by our osteotomy model. However, the isolated effects of slope have been studied in the literature. A final limitation of the study is that the sample size was small. Although it is not possible to predict power in linear mixed models, it is possible that the power was insufficient and therefore the study did not detect all kinematic and load/pressure distribution changes caused by varying load and slope.
Conclusions
Changes to tibial slope during HTO on the order of the reported error for current procedures shifted joint contact pressure location substantially and changed tibiofemoral and patellofemoral kinematics. Changes were observed consistently for a range of clinically relevant wedge angles. Changes in contact pressure location and kinematics have the potential to affect patient outcomes. These findings make it clear that tibial slope should be controlled more accurately during high tibial osteotomy to prevent unwanted changes in tibial plateau contact loads.
